ABSTRACT This study offers a unifying mechanism of left ventricular filling dynamics to link the unexplained mid-diastolic motion of the mitral valve with an associated increase in transmitral flow, with the phasic character of pulmonary vein flow, and with changes in the atrioventricular pressure difference. M mode echograms of mitral valve motion and Doppler echocardiograms of mitral and pulmonary vein flow velocities were recorded in 12 healthy volunteers (heart rate = 60 + 9 beats/ min). All echocardiograms showed an undulation in the mitral valve (L motion) at a relatively constant delay from the peak of the diastolic phase of pulmonary vein flow (K phase). In six subjects, the L motion was also associated with a distinct wave of mitral flow (L wave). Measured from the onset of the QRS complex, Q-K was 577 ± 39 msec; Q-L was 703 + 42 msec, and K-L was 125 + 16 msec. Multiple measurements within each subject during respiratory variations in RR interval indicated exceptionally small differences in the temporal relationships (mean coefficient of variation 2%). Early rapid flow deceleration is caused by a reversal of the atrioventricular pressure gradient, and the L wave arises from the subsequent reestablishment of a positive gradient due to left atrial filling via the pulmonary veins. The mitral valve moves passively in response to the flowing blood and the associated pressure difference. This interpretation is confirmed by (1) a computational model, and (2) a retrospective analysis of data from patients with mitral stenosis and from conscious dogs instrumented to measure transmitral pressure-flow relationships. Circulation 74, No. 1, 36-44, 1986. MITRAL FLOW has three distinct phases: rapid ventricular filling in early diastole, diastasis in mid-diastole, and a second rapid filling phase due to atrial contraction. The hemodynamic mechanisms that relate these three phases of flow with changes in mitral valve motion have recently been studied.' However, an unexplained mid-diastolic opening and closing motion of the mitral valve is commonly seen at slow heart rates in normal subjects,4' and the underlying mechanism and clinical significance of this phemomenon have not been studied.
MITRAL FLOW has three distinct phases: rapid ventricular filling in early diastole, diastasis in mid-diastole, and a second rapid filling phase due to atrial contraction. The hemodynamic mechanisms that relate these three phases of flow with changes in mitral valve motion have recently been studied.' However, an unexplained mid-diastolic opening and closing motion of the mitral valve is commonly seen at slow heart rates in normal subjects,4' and the underlying mechanism and clinical significance of this phemomenon have not been studied.
We, as well as others, have shown that pulmonary venous flow in man is biphasic.6, 7 The first phase (J) of pulmonary vein flow occurs during ventricular systole, PATHOPHYSIOLOGY AND NATURAL HISTORY-MITRAL VALVE APPARATUS pressure difference, we also checked the validity of the conceptual approach by retrospectively analyzing (1) Doppler and echocardigraphic data from patients with mild mitral stenosis, and (2) transmitral pressure-flow measurements obtained from conscious, instrumented dogs.
Methods
Study in healthy volunteers. Twelve young healthy volunteers (18 to 30 years old) participated in the study. Echocardiography (M mode and two-dimensional) as well as pulsed Doppler echocardiographic studies of mitral and pulmonary venous flow were performed. An Electronics for Medicine/Honeywell ultraimager was used for both imaging and Doppler flow studies. The instrument has a mechanical transducer (2.5 or 3.5 MHz) that oscillates through an angle of 30 to 75 degrees. A movable curser allows sampling along a line within the echocardiographic image when the oscillating transducer system is stopped and set to the Doppler mode.
M mode echocardiograms were spatially oriented from the two-dimensional image, preferentially with use of the short-axis view. Special attention was directed to the delineation of the mitral valve opening, leaflet motion, and leaflet coaptation. The apical four-chamber view was used for measurement of mitral flow and pulmonary venous flow. To obtain mitral flow velocity, the sampling volume was positioned between the tips of the mitral leaflets. To obtain pulmonary venous flow velocity, the transducer was rotated, sometimes only slightly, so that the orifices of the pulmonary veins were well visualized for positioning the sampling volume.6
Recordings were made while the subjects were resting quietly and breathing normally. Because of normal sinus respiratory variations in heart rate, there was a relatively wide variation in RR interval, and because the Doppler flow and echocardiographic valve measurements could not be made simultaneously, the temporal relationship between the phases of mitral flow, pulmonary venous flow, and mitral valve motion were analyzed by matching records at approximately the same RR interval. All the temporal measurements were referenced to the beginning of the QRS complex. Five cycles were analyzed for each data point in eight patients; in the remaining four patients 12 cycles of variable RR interval were analyzed. A complete description of the analysis was provided in a previous report. 6 Patients with mild mitral stenosis studied retrospectively. Eight patients with mild mitral stenosis were selected from previous studies in which the above method was also used. It will be shown below that these patients did not have the middiastolic L motion of the mitral valve, and hence the detailed data are not relevant to this study. They are included as the exception that helps verify the postulated mechanism, and as an example of how pathology changes the flow patterns.
Computational study. A lumped-parameter model of the pulmonary bed, left atrium, and left ventricle was designed to simulate ventricular filling dynamics to the time of atrial systole.8' 9 The details of the model, the rationale, and the parametric values can be found in previously published reports.8' 9 Briefly, the pulmonary bed is simulated by a large compliance linked to the atrium by a resistance. The mitral valve and orifice are modeled by an ideal valve feeding into a nonlinear resistance (R) and a linear inertance (L) to simulate the effects of blood viscosity and inertia, respectively. The ventricular pressurevolume relationship is modeled with well-known system properties of exponential relaxation with time constant (T), exponentially increasing stiffness with elastic constant (a), and wall viscosity (6 Conscious dogs studied retrospectively. Eight large mongrel dogs were instrumented with left atrial and ventricular micromanometers and an electromagnetic flow probe on the mitral anulus, as described previously.10 Data were obtained while the dogs were resting quietly on their right sides approximately 2 weeks or longer after the implantation. Four of the dogs were able to achieve the same low resting heart rates as the patients described above, and were thus suitable for this study.
Results
Healthy volunteers. Figure 1 is a typical recording of synchronized pulmonary venous flow and the mitral valve echogram at three different RR intervals. The timing of the peak of the K phase of pulmonary venous flow and the L motion on the mitral valve echogram, and the difference between the K and L points (At) appear to be independent of RR interval at these slow heart rates. Figure 2 shows examples from three other patients in whom observations were similar. The K phase and L motion were recorded in all 12 subjects. AMean ± SD for measurements of 5 beats at different RR intervals.
BMean ± SD for measurements of 12 beats at different RR intervals.
sure-flow time variations for five values of mitral resistance. The basic mechanism for the mid-diastolic mitral valve L motion and mitral flow L wave is seen at the two lowest resistance values, 0.0002 and 0.0004 mm Hg/m1V/sec2. Note particularly that the latter value is normal.' These low and normal resistances allow mitral flow to be accelerated to a rapid rate, causing the left atrial pressure to fall rapidly and the left ventricular pressure to rise rapidly due to rapid atrial emptying and ventricular filling. As the atrioventricular pressure gradient falls, mitral flow is decelerated; however, inertia maintains flow as the gradient falls and even as it becomes negative. Deceleration is completed by the reversed pressure gradient and viscous dissipation of inertial energy. Only when atrial filling from the pulmonary veins (K phase) raises left atrial pressure above the rising left ventricular pressure, reestablishing a positive atrioventricular pressure gradient, can mitral flow be reaccelerated (L wave). Thus, early rapid mitral flow deceleration is caused by atrioventricular pressure gradient reversal, and the L wave, in turn, arises from the subsequent reestablishment of a positive gradient. The L wave of mitral flow predicted by the computer model (curves 1 In a previous study we showed that the mitral valve starts its closing motion (E-F slope) before the time of peak mitral flow and we concluded that the valve overshoots its equilibrium position and that the closing movement is initiated by chordal tension.2 However, neither an early diastolic atrioventricular pressure reversal nor a mid-diastolic mitral flow wave was seen. Furthermore, if chordal tension does indeed exist in early diastole, then we must consider how it could participate in the observed L motion of the valve. For example, if the chordae mechanically cause the L motion, then there would also be an associated movement of blood and pressure variation. The fact that the computational model does not require chordal tension and that it can reproduce the pressure-flow patterns observed in normal humans and some dogs strongly suggests the need for a new interpretation of our previous results. Supported by the observations of Van de Werf et al. ' 1 that the mid-diastolic reversal of the atrioventricular pressure gradient is normal, we can now propose that in addition to chordal tension, or independently of it, the deceleration pattern of mitral flow may produce the associated L motion of the mitral valve. Why, then, did we not see rapid flow deceleration and an L motion in the anesthetized dogs and in some of the conscious dogs?
It appears that under some conditions, the mitral flow probe, which was placed above the mitral orifice, created a mild mitral stenosis that prevented early diastolic atrioventricular pressure gradient reversal and thus decreased the rate of mitral flow deceleration. As was shown by the computer model, mild mitral stenosis prevents reversal of the atrioventricular pressure gradient and rapid flow deceleration both by increasing resistance and by decreasing inertance through the mitral orifice.8 The same mechanism is probably also responsible for the relatively small amplitude of the L wave shown in figure 7 . Finally, in the anesthetized dog, there is a depression of cardiac performance and a slowing of relaxation and elastic recoil, leading to a decrease in early filling rate and an inability to establish the conditions for pressure gradient reversal. Van de Werf et al. 1 also demonstrated that if mitral flow deceleration were sufficiently fast, vibrations suggestive of a third heart sound would be produced. Although we do not consider the pathogenesis of S3 here, our proposed mechanism, which includes a fall in left atrial pressure, reversal of the atrioventricular pressure gradient, flow deceleration, and atrial refilling from the pulmonary veins, provides a more complete explanation for, and is a temporal extension of, their work. Specifically, while the study of Van valve motion. This is not surprising since the cause of the L motion and L component of mitral flow is an extension of the mechanism for pathogenesis of S3."
On the other hand, our computer study indicates that mitral stenosis (including mild stenosis) is associated with absence of the mitral valve L motion and mitral flow L wave. Thus, absence of the motion, as determined by echocardiography, or of the flow wave, as determined by Doppler echocardiography, may be clinically useful as a sensitive index of mitral stenosis. Because mitral flow patterns, mitral valve motion, and pulmonary venous flow reflect the properties of the cardiohemic system, we may conclude that pathologic changes will change these patterns. An understanding of basic physiologic mechanisms is a prerequisite for the study of pathophysiology. We think the observations presented here are an important step in that direction.
